Abstract Hydrogeochemical studies were carried out in the Ghataprabha River sub-basin to assess the quality and suitability of groundwater for domestic and irrigation purposes. In the present study, an integrated, geophysical and chemical investigation was carried out in the basaltic terrain. Groundwater samples were collected covering the entire major hydrogeological environment for one hydrological cycle.
Introduction
Groundwater is the major source of drinking water both in urban and rural parts of many countries. In India, groundwater has plays a pivotal role in fulfilling the demands of domestic, industrial and agricultural sectors. Measures need to be adopted in the country to meet the increasing demand and decreasing water quality. Geochemical processes are responsible for the seasonal and spatial variations in groundwater quality (Matthess 1982) . Evaluation of groundwater chemistry and delineation of various hydrogeochemical processes that are involved in the evolution of groundwater quality by adopting various graphical methods and interpreting different indices were attempted by many workers in the recent past (Elango et al. 2003; Singh et al. 2006; Subbarao 2006; Pophare and Dewalkar 2007; Rashid and Izrar 2007) . Pandian and Sankar (2007) have observed that host rocks are the main source of dissolved solids in the groundwater of the Viappar River basin, Tamil Nadu. Groundwater is a dynamic resource which undergoes modifications both quantitatively and qualitatively. Sami (1992) demonstrated that leaching of surficial salts, ion exchange processes and residential time have caused the hydrogeochemical variations of groundwater in a semiarid sedimentary basin in Eastern Cape, South Africa.
About 90% of the sources of drinking and irrigation water are met from groundwater resources in the study area environment. However, this water resource is facing problems including quality hazard in many areas where exposure of pollution from agriculture and other metal pollution in shallow groundwater aquifers makes the water unfit for human consumption. Land use for urbanization and agricultural purpose in the study area environment has increased at an alarming rate during the last few decades. Many researchers have focused on the hydrochemical characteristics and contamination of groundwater in different basins as well as in urban areas that resulted due to anthropogenic intervention, mainly by agricultural activities and domestic wastewater (Maslin and Maier 2000; Umar et al. 2006; Singh et al. 2008; Xiang et al. 2008 Xiang et al. , 2009 Shrestha et al. 2010) . Studies conducted on the chemical quality of groundwater of Mangalore City in Karnataka State and Chennai in Tamil Nadu, India, revealed that the groundwater quality has deteriorated due to overexploitation (Narayana and Suresh 1989; Ramesh et al. 1995) . Nandakumar and Murthy (1997) studied the groundwater quality variation in shallow basaltic aquifers and identified base exchange reactions in canal command areas. Srinivasa Gowd (2005) , Reddy and Prasad (2005) studied and delineated the hydrogeochemistry of the Peddavanka watershed and the Tadpatri area of Anantapur District, Andhra Pradesh, India. The water quality may yield information about the inner geologic environments through which the water circulated.
The chemical alteration of rainwater depends on several factors such as soil-water interaction, dissolution of mineral species and anthropogenic activities (Aris et al. 2007; Raju et al. 2009) . A number of studies on groundwater quality with respect to drinking and irrigation purposes have been carried out in different parts of the country (Majumdar and Gupta 2000; Subba Rao and John Devadas 2005; Raju 2007 ).
The main objective of this study was to assess and delineate the contaminated regions and evaluate groundwater resources for development and management in a basaltic terrain of Sameerwadi Village, Bagalkot District, Karnataka, India. The presence of high total dissolved solids (TDS) in groundwater has prompted geophysical investigation to be taken up to delineate and assess the contaminated sources.
Materials and methods

Study area
The study area covers about 48 km 2 in the basaltic terrain, Bagalkot District, Karnataka, India (Fig. 1 ). Ghataprabha River is a perennial river. Two prominent streams drain the watersheds, namely Munyal and Dhavaleshwar, and further join the Ghataprabha River in the south. Munyal and Dhavaleshwar distributaries of the Ghataprabha left branch canal are ridge canals and surface water irrigation channels are drawn on both sides of the ridge. The highest elevation is located north of Sameerwadi Village at 585 m and the lowest elevation is 545 m close to the Ghataprabha River. The drainage pattern is dendritic to sub-dendritic and most of the tributaries are influent in nature, while the Ghataprabha River is effluent. The maximum depth to groundwater level varies from 20 to 24 m (bgl) in borewells, 3 to 7.9 m (bgl) in hand pumps and 1.2 to 8 m (bgl) in dug wells around Hundigund, Kappaguddi, Sanganatti and Munyal villages during pre-monsoon period, whereas, the depth to groundwater level ranges from 8 to 12 m (bgl) in bore wells and 1.8 to 6 m in dug wells m (bgl) around Bisnal and Dhavaleswar villages. Due to increasing need for agricultural activities and domestic purposes, the present water levels in the area have gone deeper, due to overexploitation of groundwater which could be attributed to the groundwater flow pattern toward Saidapur in the southern direction.
Hydrogeology and geological setting
The entire area is covered with basaltic rock formation with intrusions of argillite, quartzite and conglomerate between Khanahatti and Sanganahatti villages. The geology map of the study area is shown in Fig. 2 . The mighty Krishna River flows in an ESE direction and its tributary Ghatprabha River constitutes the major drainage in the area. The lithounits belong to the Peninsular Gneissic Complex (PGC) forming the basement, followed by Hungund metamorphics, granites and the Kaladgi Supergroup. The sediments of the Kaladgi Supergroup are divisible into lower the Bagalkot Group and the Upper Badami Group. Bagalkot Group is a deformed sequence which is divided into Lokapur and Simikere sub-groups. The lithofacies such as conglomerates-quartzite-agriollite, dolomite, limestone and chert-argillite are common and these sequence repeat in cycles to form different formations. Weathering is noticed from 3 m to more than 20-m depth. Sand and alluvium of recent origin are seen along the major streams, which are derived from granite, gneiss and sandstone rocks (Mahesha and Prasannakumar 1989) . The basalt flows, thoeliitic in composition, occur between 480 and 600 m (amsl). The northern part of the district is characterized by plateaus and denudation slopes on Deccan basalt (GSI 1991) . The stratigraphy of the Bagalkot District is given in Table 1 (GSI 1991).
Data analyses
Groundwater quality analysis was carried out at 50 observation wells during pre-monsoon (July 2007) and post-monsoon (November 2007) in the study area. The observation wells consisted of six dug wells, 20 hand pumps and 24 borewells. The samples were collected in new 1-L polyethylene bottles pre-washed with dilute hydrochloric acid and rinsed three to four times with the groundwater sample before filling it to its capacity and then labeled accordingly. Chemical analyses were carried out as per the procedures given by the American Public Health Association (APHA 1995) . The physical parameters considered were color and turbidity, and the chemical parameters considered were pH (hydrogen ion concentration), EC (electrical conductivity), TDS, TH (total hardness) and concentrations of all major cations like Ca (calcium), Mg (magnesium), Na (sodium) and K (potassium) and anions like Cl (chloride), HCO 3 (bicarbonate), F (fluoride), SO 4 (sulfate) and NO 3 -N (nitrate as N). The pH, EC and TDS were measured in situ, using handheld analyzing kits. HCO 3 concentration was determined using acid titration method, Cl concentration by the AgNO 3 titration method, SO 4 concentration by the BaCl 3 method using spectrophotometer and NO 3 concentration was analyzed using cadmium column reduction method. Na and K were analyzed using flame photometer and Ca and Mg were Multi-electrode resistivity survey is a combinational technique of profiling and sounding, involving a number of electrodes with a fixed inter-electrode spacing. For the present work, Syscal Pro-96, Incorporated Research Institutions for Seismology (IRIS)-made ten channel multielectrode automatic resistivity meters with high accuracy were used. Multi-core cable used with this equipment supports 5-m maximum inter-electrode spacing physically. In data acquisition and second and third spacing maximum up to nine times that of physically allowed maximum spacing can be used to obtain data from deeper levels. A total horizontal length of 480 m can be covered with one traverse arrangement and for more traverse coverage 'roll along method' is used. For the present study, Wenner configurations array was applied to understand subsurface geological information. The data are interpreted using least squares inversion method (Dahlin 1996) . The measured apparent resistivity is converted to true resistivity using Res2D INV inversion program in order to produce the 2D resistivity cross section image of the acquired data (Loke and Barker 1996) .
Results and discussion
Chemistry of groundwater
Analytical results of chemical analysis and the statistical parameters such as minimum, maximum and mean of groundwater samples are presented in Table 2 for both premonsoon and post-monsoons seasons. The water samples collected in the study area were in general colorless, odorless and free from turbidity. The pH of groundwater ranges from 6.75 to 8.12 for pre-monsoon and 6.8 to 7.8 for post-monsoon. This implies that the groundwater of the study area is neutral to alkaline in nature. The concentration of TDS ranges from 323 to 2,745 mg/L and from 228 to 2,238 mg/L for pre-and post-monsoon, respectively. The order of abundance of cations during pre-and postmonsoon is Ca [ Na [ Mg [ K. Though the effect of monsoon does not change the order of abundance of cations, it does change the concentration of various ions and it is found that there is a considerable change in the case of all major ions. The order of abundance of anions during pre-and post-monsoon is Cl [ HCO 3 [ SO 4 [ NO 3 . In general weathering, dissolution and base exchange processes control the levels of cationic concentrations in groundwater (Janardhana et al. 2010) .
The seasonal variations of chemical constituents in the groundwater of the study area are shown in Fig. 3 . As far as anions are concerned, the seasonal effect on the concentration of ions is significant except those of Cl, Na and NO 3 -N. High concentrations of Na levels are observed in Bisnal (B12 and B13) and Madbhavi villages (B36 and B37) in the pre-and post-monsoon. The solubility limit of sodium salts can be exceeded, particularly in the inland drainage basins. Hence, it can lead to precipitation of sodium salts, e.g., sodium carbonate, sodium sulfate and sodium nitrates (Matthess 1982; Mahvi et al. 2005) . Highsodium waters can be explained by the combination of dilution factors, ion exchange and sulfate reduction (Krothe and Oliver 1982) . Exceedingly high NO 3 -N concentrations are observed in 40% of the samples in the upstream area and Dhavalewsar Village in the downstream area in both monsoons, due to indiscriminate agricultural applications. Moreover, topographic depression and local water bodies of various dimensions in the study area are connected with domestic wastewater channels that are filled with nitrogen-enriched sewage water and contribute locally to high content of nitrates in the groundwater. F varied from 0.14 to 1.16 mg/L in pre-monsoon and during post-monsoon varied from 0.09 to 0.0.79 mg/L. Hence, dilution of F concentration by rainfall recharge is obvious. Granite and gneiss rocks are highly weathered in the study area, which facilitates the release of fluoride from minerals into groundwater. Low fluoride can be attributed to variation in the degree of weathering of fluoride-rich minerals from different rocks (Tirumalesh et al. 2007 ). Elevated concentrations of Ca and Mg are observed in 18% of the samples in the upstream area. The higher elevations of Ca and Mg cations are due to chemical weathering of basalt minerals in both seasons (Mahesha and Prasannakumar 1989 (Elango et al. 2003 ).
Since Cl is abundant in both the seasons, it might have been derived from anthropogenic sources of chloride including fertilizer, human and animal waste and industrial applications. This is well evidenced from the Cl levels of the study area. The spatial variations of Cl concentrations in both monsoons are shown in Fig. 4a Table 3 . The salient features of the hydrochemistry of the groundwater are as follows:
Except at few stations, the pH 6.75-8.12 for premonsoon and 6.8-7.8 for post-monsoons is within the safe limits prescribed for drinking water standards by ISI (1983) and WHO (1989) . As per TDS classification (Caroll 1962) , 58 and 76% of the total groundwater samples for pre-and post-monsoon belongs to fresh water and 34 and 24% belong to brackish water (Table 4 ). There is a considerable amount of dilution of concentration of ions during the (Haritash et al. 2008 ). The spatial variation of TDS concentration, shown for pre-monsoon and post-monsoon in Fig. 5a , b TH in groundwater, is a major domestic water quality hazard. The presence of major ions such as Ca, Mg and HCO 3 in water causes hardness and makes it unsuitable for drinking purposes (Jain et al. 2005) . The TH of the groundwater samples is shown in Table 5 , as given by Sawyer and McCartly (1967) . Most of the samples exceed the hardness limits (\600 mg/L) specified by the ISI (1983) for drinking water purposes. All samples were hard in nature except one in pre-monsoon, which was very hard in pre-monsoon and moderately hard in postmonsoon. This is due to the local domestic wastewater influencing the groundwater recourses in both pre-and post-monsoon. Hard water leads to incidence of urolithiosis (WHO 1989) , anencephaly, parental mortality, some types of cancer (Agrawal and Jagetia 1997) and cardiovascular disorders (Durvey et al. 1991) . The concentration of Na in pre-monsoon (20-408 mg/L) and post-monsoon (7-442 mg/L) periods shows high values in groundwater both upstream and downstream of the study area. This excess Na in water is unsuitable for patients suffering from hypertension or congenital heart diseases and also from kidney problems. Nitrate, the main N-bearing constituent of groundwater, is one of the most common major groundwater pollutants. Several studies have highlighted agricultural products as a predominant source of this compound (Bouchard et al. 1992) . The maximum limit of NO 3 -N in groundwater is prescribed as 12 mg/L (WHO 1993) . The concentration of NO 3 as N in both pre-monsoon (0.3-41.5 mg/L) and post-monsoon (12.82-30.6 mg/L) periods indicated very high values in groundwater samples due to anthropogenic activities and agriculture practices. As a result of high rates of N fertilization, particularly of permeable soils with shallow water levels, the concentrations of NO 3 in groundwater, in many (8) 10,000-100,000 Salty water --[100,000
Brine -- agricultural areas, are significantly higher than background levels. It is dangerous for human health, particularly for infants causing methaemoglobinemia.
Irrigation water quality
Electrical conductivity and Na play a vital role in suitability of water for irrigation. EC ranges from 505 to 4,289 lS/cm and 356 to 3,487 lS/cm, respectively. EC is a good measure of salinity hazard to crops, as it reflects the TDS in groundwater. High salt content in irrigation water causes an increase in soil solution osmotic pressure (Thorne and Peterson 1954) . The osmotic pressure is proportional to the salt content or salinity hazard. The salts, affecting the growth of plants directly, also affect the soil structure, permeability and aeration, which indirectly affect plant growth. The total concentration of soluble salts is classified into four groups (Table 6 ). The large variation in EC is mainly attributed to lithologic composition and anthropogenic activities prevailing in this region. Most samples (48% in pre-monsoon and 64% in post-monsoon) fall in the medium-salinity hazard (C3) category and are of doubtful quality for irrigation purposes, with a few exceptions (23% in pre-monsoon and 6% in post-monsoon) which fall in the C4 and C5 category. Groundwater samples falling in the high-salinity hazard class (C3) may have detrimental effects on sensitive crops and adverse effects on many plants. Such areas require careful management practices. Very high salinity water (C4) is not suitable for irrigation under ordinary conditions, but may be used for salt-tolerant plants on permeable soils with special management practices.
Sodium adsorption ratio (SAR)
Water quality problems in irrigation include alkalinity and salinity of groundwater. The sodium hazard in irrigation water is expressed by SAR, which is given by the relation (Karanth 1987) .
in which concentrations are expressed in epm.
Low-sodium water (S1) can be used for irrigation in almost all types of soils. Since both pre-and post-monsoon groundwater samples fall in the low-sodium category, there is no hazard of alkalinity (Richards 1954) . The value of SAR in the study area ranges from 0.44 to 10.12 (Table 7) . A more detailed analysis, however, with respect to the irrigation suitability of the water was made by plotting the data on Wilcox diagram (1948) (Fig. 6a, b) . Based on the classification, 82% (pre-monsoon) and 55% (postmonsoon) fall in C3S1; 24% (pre-monsoon) and 20% (post-monsoon) fall in C2S1 6% (pre-monsoon) and 2% (post-monsoon) fall in C3S2; 6% (post-monsoon) and 2% (pre-monsoon) fall in (C4S2); and 20% (post-monsoon) falls in C4S1 category. This indicates that high-salinity low-sodium hazard, medium-salinity low-sodium hazard, high-salinity medium-sodium hazard, very high-salinity medium-sodium hazard, and very high-salinity low-sodium hazard zones occur in the study area.
Sodium percentage (%Na)
Sodium concentration is important in classifying irrigation water because sodium reacts with soil to reduce its permeability. Sodium content is usually expressed in terms of percentage sodium or soluble sodium percentage (% Na). As per the Indian Standards, a maximum of 60% sodium is permissible for irrigation water.
The percentage of sodium is obtained by the equation
where all ionic concentrations are expressed in epm. The % Na (Table 3) varies from 7 to 81%. Generally, % Na should not exceed 60% in irrigation water. In the study area, 95% of the groundwater samples were indicated to be within permissible limit.
Chloro-alkaline indices (CAIs)
The role of aquifer material in the evolution of groundwater chemical composition can be further analyzed by determining the chloroalkaline indices for cations (CAI-1) and anions (CAI-2). CAI 1 and CAI 2, suggested by Schoeller (1977) , indicate the ion exchange between the groundwater and its host environment. The CAIs used in the evaluation of exchange are calculated using the formulae:
Chloro-alkaline indices are calculated for pre-and postmonsoon as given in Table 3 (Fig. 7) . CAI indicated that 74% of the pre-and post-monsoon showed positive ratios and 26% of the pre-and post-monsoon showed negative ratios depicting the type of base exchange. Positive values indicate the absence of base exchange and the reaction as a cation anion exchange reaction (McIntosh and Walter 2006) . Negative values of the ratio indicate base exchange between Na and K in water with Ca and Mg due to weathering of dolomite and limestone rocks (Tirumalesh et al. 2007 ).
Geophysical investigation
Geophysical investigation determines the distribution of a physical parameter that is characteristic of the subsoil on the basis of a very large number of measurements of apparent resistivity made from the ground surface (Telford et al. 1990; Store et al. 2000) . Geophysical investigation was carried out with Wenner configuration using multielectrode resistivity imaging system at 18 locations (Fig. 1) . Wenner alpha resistivity profile was conducted along the traverse line, with a total length of 360 m and electrode spacing at 5.0 m. Calculated apparent resistivity pseudosection and inverse model resistivity sections of the profile are shown in (Fig. 8) . Electrical resistivity imaging (ERT) PF1 was carried out in Sameerwadi Village near BW/30. ERT profile was spread over 480 m. ERT profile indicated a thick low-resistivity zone of \20 X-m up to 28-m depth. The low resistivity was due to the lateral migration of leachates in the top weathered layer due to anthropogenic activities as was confirmed by the high TDS and Cl content in the water samples of borewell BW/30 collected during the pre-and post-monsoon period. The top layer is underlain with a slightly high-resistivity [40 X-m layer indicating the presence of a weathered zone up to a The lowering of resistivity could be due to dissolution of surface pollutants during the infiltration and percolation of rainwater and also due to agricultural and domestic activities. Good recharge possibility is expected from this zone, which aids lateral groundwater movement. Another ERT (PF7) was carried out in the Hallur Village near borewell no. BW/46. The ERT profile was spread over 240 m. The top of the image indicated a low-resistivity zone (\20 X-m) up to a depth of 30 m. The absence of continuous top hard formation is an important signature inferred from the ERT image. It may be that there was significant pathway of contaminant migration from the anthropogenic activities where high TDS (1,568 mg/L)) in the groundwater was noticed. The top layer underlain by a slightly high-resistivity zone \40 X-m could be due to weathering of basalts (Mahesha and Prasannakumar 1989) where high Na concentration (480 mg/L) of groundwater was found by chemical analysis of groundwater samples from the borewell BW/46.
The ERT (PF17) was carried out in Marapur Village near borewell no BW/39, and was spread over 480 m. The top of the image indicates low-resistivity zone up to the depth of 40 m with resistivity of\20 X-m, which may also be associated with leachate migration from the anthropogenic activities where high TDS (1,798 mg/L), Na (280 mg/L) and Cl (480 mg/L) concentration was observed in groundwater samples collected from this borewell. High Na content among cations in the groundwater for different seasons could be due to weathering of silicate rocks such as granite gneisses (Mahesha and Prasannakumar 1989) , Fig. 8 Electrical tomography images (PF, PF5, PF7 and PF17) which was further enhanced by evaporation and/or evapotranspiration processes. The ambiguity associated with the cause of low resistivity has been clearly resolved by the chemical analyses of groundwater samples collected for pre-and post-monsoon periods, which indicated high Cl content to be the contributing factor for groundwater contamination around industrial and agricultural areas.
Conclusion
The groundwater in this region is generally alkaline in nature. Based on the concentration of TDS, 58 and 76% of the total samples belong to freshwater, useful for the drinking purpose, and 34 and 24% of the total samples belong to brackish water useful for irrigation. All the samples exceeded the safe drinking water limit standards based on Wilcox. Based on classification, 82% (pre-monsoon) and 55% (post-monsoon) fall in relatively good (C3S1), 24% (pre-monsoon) and 20% (post-monsoon) fall in good (C2S1), 6% (pre-monsoon) and 2% (post-monsoon) fall in moderate (C3S2), 6% (post-monsoon) and 2% (pre-monsoon) fall in bad for irrigation (C4S2) and 20% (post-monsoon) falls in C4S1, which can be used for irrigation. Irrigation waters classified based on SAR indicate that all groundwater samples belong to excellent category during both seasons. About 5% of the samples collected during pre-and post-monsoon have % Na exceeding the limit of 60% for irrigation. CAI for pre-and post-monsoon shows that 74% is positive, while 26% is negative ratio. Positive values indicate cation-anion exchange reaction and negative values indicate that host rocks are primary sources of dissolved solids in the water. From the geochemical results, it has been found that the seasonal effect does not change the order of abundance of both cations and anions, but it does change the concentration of various ions present in the groundwater. Among the chemical budget of ions, Na and Cl were found to be the most predominant. The NO 3 -N concentrations were high in Sameerwadi, Kappalaguddi, Bisnal and Kesarkoppa villages in the upper stretch of the study area in the pre-monsoon and postmonsoon. The intense agricultural activities near the upper stretch of the study area may be an important factor for the higher concentration of NO 3 -N in these aquifers.
The quality of groundwater is controlled by lithology apart from other factors like land-use pattern and paleoenvironmental conditions. The resistivity tomography images revealed that low resistivity occurs in the top layer in Hanigund, Kappalaguddi, Hallur, Marapur and Sameerwadi villages. This is due to high concentration of TDS and Cl, because of local anthropogenic activities and also weathering of granitic gneisses. There is a considerable decrease in the concentration of TDS and Cl during the post-monsoon due to dilution factor of rainfall recharge. The overall assessment showed that groundwater quality was useful for drinking and irrigation purposes in the downstream part of the study area (Dhavaleswar, Siadapur, Munyal, Khanhatti, and Madbhavi villages). Composition of groundwater of this area is controlled by dissolution of surface pollutants during the infiltration of rainwater and at few places due to agricultural and domestic activities.
Based on ERT investigation, it is found that resistivity \20 X-m belongs to the conductivity zone between two slightly higher resistivity zones. This is because of the leachate of contaminants from industry and seepage of fertilizers from agricultural fields in the area. An appropriate management plan is required in the study area to have better groundwater quality for proper plant growth as well as for healthy human life.
